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Immature Thymocytes Employ Distinct
Signaling Pathways for Allelic Exclusion
versus Differentiation and Expansion
rearrangement and expression of TCRb genes, DN thy-
mocytes undergo proliferative expansion and differenti-
ation to the DP stage, concurrent with the transcriptional
activation and rearrangement of the TCRa locus. Thus,
expression of TCRb on the cell surface represents a
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trigger mechanism that is required for the thymocyteThe Children's Hospital
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process could potentially generate T cell clones withHarvard Medical School
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such cells are rarely observed (Malissen et al., 1992).
The generation of T cells with a single productive TCRb
chain is thought to be ensured by a feedback mecha-Summary
nism in which the expression of a productively re-
arranged TCRb chain arrests further recombination atT cell receptor (TCR) b chain allelic exclusion occurs
the TCRb locus, a phenomenon referred to as TCRbat the thymocyte CD4282 (double-negative, or DN) to
allelic exclusion (Malissen et al., 1992). Consistent withCD4181 (double-positive, or DP) transition, concur-
this notion, introduction of a functional TCRb transgenerently with differentiation and cellular expansion, and
blocks Vb to DJb rearrangements of the endogenousis imposed by a negative feedback loop in which a
TCRb genes (Uematsu et al., 1988).product of the first rearranged TCRb allele arrests
Recent experiments suggest that developmental sig-further recombination in the TCRb locus. All of the
nals resulting from TCRb expression in DN T cells aremajor events associated with the development of DP
transduced by the pre-TCR complex that consists ofcells can be induced by the introduction of TCRb or
the TCRb protein associated with invariant pre-TCRaactivated Lck transgenes. Here, we present evidence
(pTa) and CD3 chains (Fehling and von Boehmer, 1997).that the signaling pathways that promote thymocyte
Notably, mice lacking TCRb or other components ofdifferentiation and expansion of RAG-deficient DN
the pre-TCR signaling apparatus show a developmentalcells but not those that suppress rearrangements of
block at the DN stage (Molina et al., 1992; Mombaertsendogenous TCRb genes in normal DN cells are en-
et al., 1992a, 1992b; Philpott et al., 1992; Shinkai et al.,gaged by activated Ras. We propose that TCRb allelic
1992; Fehling et al., 1995; Malissen et al., 1995; Xu etexclusion is mediated by effector pathways down-
al., 1996; Clements et al., 1998; Pivniouk et al., 1998;
stream of Lck but independent of Ras.
Yablonski et al., 1998). Several recent studies demon-
strated that the pre-TCR control of the DN/DP check-
point is mediated by the Src-family receptor-associatedIntroduction
protein tyrosine kinases (PTKs) Lck and Fyn (reviewed
in Cheng and Chan, 1997). Following stimulation of theThe cells of the ab T cell lineage progress through a
pre-TCR complex, the Src-PTKs phosphorylate con-developmental program in which CD4282 (DN) cells give
served tyrosine residues in the cytoplasmic domains ofrise to CD4181 (DP) cells that can differentiate to
CD3 chains (immunoreceptor tyrosine-based activationCD4182 or CD4281 (SP) thymocytes and migrate to the
motifs, or ITAMs). Once phosphorylated, the ITAMs actperiphery to become mature T lymphocytes. The DN to
as docking sites for another class of PTKs of the Syk/DP transition is dependent on the assembly and expres-
Zap-70 family. Thus, ITAM segments appear to be bothsion of a T cell antigen receptor (TCR) b chain gene.
necessary and sufficient for coupling antigen receptorsSubsequently, following assembly and expression of a
to downstream signaling pathways that involve LAT,TCRa gene, the complete ab TCR on DP thymocytes
SLP-76, PLCg1, Calcineurin, Vav, and Ras (reviewed in
generates signals that mediate either thymocyte elimi-
Weiss and Littman, 1994; Cheng and Chan, 1997).
nation through negative selection or differentiation
Mice lacking Lck or overexpressing a dominant-nega-
through positive selection (reviewed in Kisielow and von tive Lck mutant protein show a striking defect in the
Boehmer, 1995). generation of DP thymocytes, similar to mice that lack
In normal development, the assembly of TCRb genes components of the pre-TCR complex (Molina et al.,
proceeds via an ordered two-step process, in which the 1992; Anderson et al., 1993; Levin et al., 1993). In addi-
initial joining of Db to Jb segments on both chromo- tion, transgenic expression of a constitutively activated
somes occurs first and is followed by Vb to DJb re- Lck mutant arrests recombination of the endogenous
arrangements (Malissen et al., 1992). Upon successful TCRb genes at the Vb to DJb step and leads to the
expansion of TCRb-negative DP cells (Abraham et al.,
³ To whom correspondence should be addressed (e-mail: alt@ 1991; Anderson et al., 1992). Thus, activated Lck expres-
rascal.med.harvard.edu).
sion appears necessary and sufficient to initiate all of§ These authors contributed equally to this work.
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CD4 and CD8, and inhibition of rearrangements of the
TCRb genes. However, it is not known whether the same
or different downstream effectors mediate Lck control
over specific events of the DN/DP checkpoint.
Recently, we have generated mice that express the
constitutively activated RasV12 mutant in RAG-2-defi-
cient thymocytes (RasV12-RAG) (Swat et al., 1996). The
expression of RasV12 in DN thymocytes, in the absence of
TCRb/pre-TCR, was sufficient to induce differentiation
and developmental progression to DP cells, as well as to
expand thymocyte numbers to WT levels. Introduction of
TCRb or activated LckF505 transgenes into RAG-2- or
RAG-1-deficient backgrounds led to similar develop-
mental progression and expansion of DN cells (Shinkai
et al., 1993; Mombaerts et al., 1994). Together, these
findings suggest that activated Ras expression can me-
diate signaling events downstream of TCRb and Lck
that control DN thymocyte expansion and differentia-
tion. However, it is not known if Ras could also mediate
other events of the DN to DP transition such as the
inhibition of rearrangements in the TCRb locus (TCRb
allelic exclusion). Here, we address these issues directly
by examining the effect of activated RasV12 expression
on T cell development within a normal background.
Results
Figure 1. Effects of Activated RasV12 Expression on the Develop-
ment of RAG-Deficient Thymocytes
Developmental Progression of RAG-Deficient
(A) RasV12 promotes expansion and differentiation of DN RAG-22/2
DN Thymocytes by Activated Ras thymocytes. RAG-2-deficient thymocytes (RAG) and RasV12-RAG
We previously demonstrated that the expression of acti- thymocytes were analyzed for CD4 and CD8 expression by flow
vated Ras in RAG-deficient thymocytes (RasV12-RAG) cytometry. The approximate number of cells per thymus is indicated.
(B) RasV12 induces TCRa germline transcripts in RAG-22/2 thymo-promotes differentiation and expansion of DN cells
cytes, similar to a functional TCRb transgene. Thymocyte RNA from(Swat et al., 1996). However, it was not determined
the mice indicated was subjected to Northern blotting and hybrid-whether activated Ras expression also initiates other
ized with the T early a (TEA) probe specific for germline transcripts.
events characteristic of DP ab lineage T cells, such as Reprobing of the same membrane with a GAPDH-specific probe
transcriptional activation of the TCRa locus (Shimizu et served as a loading control. The results shown are representative
al., 1993; Wilson et al., 1996). To address this issue, we of two experiments.
purified RNA from RasV12-RAG thymocytes (of which the
vast majority are at the DP stage; Figure 1A) and per-
formed Northern blotting analyses to assay for TCRa RAG-1-deficient (RasV12-RAG) ES cells, which were sub-
locus transcripts that hybridized to a T early a (TEA) sequently tested for ability to generate thymocytes by
DNA probe (de Chasseval and de Villartay, 1993) (Figure the RAG-2-deficient blastocyst complementation assay
1B). As expected, TEA-hybridizing transcripts were vir- (Chen et al., 1993). To achieve comparable H-RasV12 ex-
tually undetectable in RAG-2-deficient thymocytes (Fig- pression levels in thymocytes from RasV12-WT or RasV12-
ure 1B, lane 1) or wild-type thymocytes (Figure 1B, lane RAG mice, we used ES cell transfectants containing
2); lack of TEA transcripts in wild-type DP cells results similar numbers of stably integrated copies of the RasV12
from rearrangements of both TCRa alleles and deletion construct (between five to eight copies per cell; data
of TEA within extrachromosomal circles (Shimizu et al., not shown). To confirm equivalent H-RasV12 protein ex-
1993; Wilson et al., 1996; Sleckman et al., 1997). In con- pression in the resulting thymocytes, we performed
trast, thymocytes isolated from TCRbTG-RAG mice ex- Western blotting analyses with H-Ras-specific antibod-
hibited abundant levels of TEA transcripts (Figure 1B, ies (endogenous Ras expression in thymocytes is limited
lane 3). Notably, in thymocytes from RasV12-RAG mice, to N- and K-Ras; Leon et al., 1987). These experiments
the levels of TEA transcripts were comparable to those showed similar levels of H-RasV12 protein in lysates from
in TCRbTG-RAG thymocytes (Figure 1B, lane 4). We con- equal numbers of RasV12-RAG or RasV12-WT thymocytes
clude that activated Ras generates signals sufficient for (Figure 2A). To rule out the possibility that the RasV12
germline transcription of the TCRa locus in the absence transgene was expressed only in a subset of RasV12-WT
of TCRb chain expression. thymocytes (for example due to position-effect variega-
tion), we performed intracytoplasmic stainings with
H-Ras-specific antibodies and found that virtually allExpression of the RasV12 Transgene in Thymocytes
To study effects of RasV12 expression on wild-type (WT) expressed H-Ras (Figure 2B; WT thymocytes serve as
negative control).thymocytes, we used the same strategy as for RAG-
deficient thymocytes (Swat et al., 1996). An lck-proximal To examine when RasV12 expression occurred in early
thymocyte development, we used an RT-PCR strategypromoter-driven expression construct with an H-RasV12
cDNA was transfected into either WT (RasV12-WT) or with FACS-sorted subsets of DN thymocytes, which can
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thymocytes inhibits rearrangement and expression of
endogenous TCRb genes, presumably as a result of
activation of signaling pathways ordinarily initiated by
the endogenous TCRb chain (Uematsu et al., 1988; An-
derson et al., 1992). Given the similarities of thymocyte
populations that develop in TCRbTG-RAG, LckF505-RAG,
and RasV12-RAG mice (Shinkai et al., 1993; Mombaerts
et al., 1994; Swat et al., 1996; Figure 1A; data not
shown), we expected RasV12 expression also to block
rearrangement and expression of the TCRb genes in WT
thymocytes. To directly compare the effects of LckF505
and RasV12 in our experimental system, we generated
LckF505-WT ES cells by transfecting the LckF505 expres-
sion construct driven by the lck proximal promoter into
the same parental ES cell line we used to produce RasV12-
WT ES cell clones (TC1; Deng et al., 1996). RasV12-WT
and LckF505-WT ES cells were then tested for their ability
to support development of lymphoid cells by RAG-2-
deficient blastocyst complementation.
Both types of clones gave rise to chimera mice with
WT numbers of DP thymocytes and B cells (Figure 3;
data not shown). In agreement with previously published
data (Anderson et al., 1992), thymocytes from LckF505-
WT chimera mice displayed a profound reduction in
TCRb expression (Figure 3A), which also impaired the
development of SP cells (Figure 3B). Surprisingly, trans-Figure 2. Expression of Activated RasV12 in WT Thymocytes
genic expression of RasV12, driven by the same regula-
(A) Activated H-RasV12 protein is expressed in thymocytes from
tory elements as LckF505, did not result in any obviousRasV12-transfected mice. Western blot analysis of total thymocyte
changes in the levels of TCRb expression in WT thymo-lysates with equal amounts of cells from the mice indicated using
cytes (Figure 3A). Moreover, the development of SP cellsantibodies specific for H-Ras. One of three experiments is shown.
(B) RasV12 expression shows no variegation. Intracellular staining in RasV12-WT thymi appeared normal (Figure 3B). We
with H-Ras-specific antibodies and flow cytometry analysis of DP obtained essentially identical results with six indepen-
WT and RasV12-WT thymocytes (n 5 2). Cells were prepared as dently transfected RasV12-WT ES cell clones tested in
described in the Experimental Procedures. Data are presented as
the same assay (Figure 3; data not shown). We concludeoverlaid histograms.
that the level of RasV12 activity sufficient to promote DP(C) RasV12 is expressed in the earliest population of DN thymocytes
cell development in the RAG-deficient mice does not(CD441 CD252). RT-PCR analyses of RasV12 transcripts detected
with primers specific for the expression cassette are shown. The abrogate the expression of TCRb in normal thymocytes.
indicated subsets of DN thymocytes were sorted based on surface
expression of CD44 and CD25 as described in the Experimental Suppression of Endogenous TCRb Gene
Procedures. Purity of the resulting populations typically exceeded Rearrangements in TCRbTG-WT and LckF505-WT
99%, as determined by flow cytometry. To confirm that the sorted
but Not in RasV12-WT ThymocytesDN CD441CD252 population was completely depleted of cells repre-
Although the surface TCRb staining pattern of RasV12-senting more mature stages, RT-PCR analysis of CD4 expression
WT thymocytes appeared normal (Figure 3A), the ex-was performed. The experiment was repeated three times with es-
sentially the same results. pression of RasV12 could conceivably result in a partial
inhibition of TCRb rearrangements, in contrast to the
essentially complete inhibition observed with TCRb or
be subdivided based upon the expression of CD44 and LckF505 transgenes. To examine this possibility, we
CD25 according to the following maturation sequence: assessed the levels of Vb to DJb and Db to Jb re-
CD441CD252→CD441CD251→CD442CD251→CD442 arrangements in thymocytes from RasV12-WT, TCRbTG-
CD252 (Godfrey et al., 1993). Our results demonstrated WT, LckF505-WT, and WT control mice, employing a semi-
that the RasV12 transgene was expressed throughout thy- quantitative PCR approach previously used by others
mocyte development, even in the CD441CD252 subset to demonstrate inhibition of TCRb rearrangements in
(Figure 2C). To rule out potential contamination of the TCRb or LckF505 transgenic mice (Anderson et al., 1992;
latter fraction with more mature thymocytes, we assayed Ardouin et al., 1998). In this assay, Vb to DJb re-
for CD4 transcripts and demonstrated these to be ab- arrangements are detected using sense primers located
sent (Figure 2C). We conclude that RasV12 protein is ex- within individual Vb segments (Vn-S) together with anti-
pressed in virtually all immature RasV12-WT thymocytes, sense primers downstream of Jb1.6 (J1D-A) or Jb2.7
including those at the earliest defined stages of develop- (J2D-A) (see Figure 4A). As the distance between the
ment preceding the onset of TCRb gene rearrangement. Vb and DJb segments in germline configuration (at least
250 kb) precludes amplification by PCR, only rearranged
Expression of Surface TCRb Chains Is Suppressed Vb-DJb genes will give rise to a series of specific bands
in LckF505-WT but Unimpaired corresponding to the particular Jb segments involved.
in RasV12-WT Thymocytes On the other hand, both unrearranged germline frag-
Previous studies showed that transgenic expression of a ments and any rearranged Db to Jb segments can be
detected with Db (D1U-S, D2U-S) and Jb primers.functional TCRb chain or activated LckF505 in developing
Immunity
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Figure 3. Suppression of Surface TCRb Ex-
pression and Impairment of SP Cell Develop-
ment in LckF505-WT but Not RasV12-WT Thymo-
cytes
Thymocytes from WT, LckF505-WT, and RasV12-
WT mice (the total thymocyte number is given
below each designation) were analyzed for
surface expression of TCRb (A) or CD4 and
CD8 (B) by flow cytometry. Numbers within
the plots indicate percentages. Histogram
regions mark cells with ªintermediateº or
ªhighº TCRb expression (A). Experiments with
LckF505-WT or RasV12-WT chimera mice gener-
ated with several independently derived ES
cell clones gave essentially the same results.
Consistent with previously published data (Anderson Analysis of Rearrangements in the TCRb Locus
in LckF505-WT and RasV12-WT T Cellset al., 1992; Ardouin et al., 1998), we found that Vb to
DJb2 rearrangements were dramatically decreased in at the Single Cell Level
We considered the possibility that signaling by activatedTCRbTG-WT and LckF505-WT, as compared to WT thymo-
cytes (Figure 4B, upper panel). In contrast, Vb to DJb Ras might perturb TCRb gene recombination in a more
specific manner. For example, activated Ras expressionrearrangements occurred at essentially indistinguish-
able levels in RasV12-WT and WT DP cells (Figure 4B, during thymocyte development could result in an altered
distribution of TCRb alleles carrying Vb to DJb re-upper panel; and data not shown). On the other hand,
rearrangements of Db2 to Jb2 segments appeared to arrangements on one or both chromosomes in single
cells. To address this issue, we analyzed TCRb re-occur relatively unimpeded in all three types of trans-
genic thymocytes analyzed (Figure 4B, middle panel); arrangements in hybridomas derived from Concanavalin
A±stimulated T lymphocytes from either RasV12-WT,our analyses of Db1 to Jb1 rearrangements yielded simi-
lar results (data not shown). Thus, it is apparent that, in LckF505-WT, or WT control mice. The predicted frequency
of T cells with Vb to DJb rearrangements on only onecontrast to TCRb or LckF505, activated Ras does not in-
hibit Vb to DJb rearrangements in thymocytes. or on both chromosomes should be about 60% and
40%, respectively (Malissen et al., 1992; Figure 5). Analy-To rule out the possibility that RasV12 expression alters
the usage of any individual Vb gene segment, we em- ses of hybridomas from WT mice revealed frequencies
of T cells bearing single versus double Vb to DJb re-ployed the same PCR procedure to assess relative re-
arrangement levels of the Vb genes 1 through 20 in arrangements of approximately 55% versus 45%, thus
closely resembling the predicted values (Figure 5). OnDP thymocytes from RasV12-WT and WT control. These
experiments showed that the Vb genes assayed were the other hand, 90% of LckF505-WT hybridomas exhibited
only a single Vb to DJb rearrangement with no Vb torepresented at comparable levels in both types of cells
(Figure 4C). In contrast, our analyses of TCRbTG-WT and DJb rearrangement of the other allele (Figure 5). The
latter result was consistent with the rare occurrenceLckF505-WT mice revealed a suppression of all the Vb
genes examined, although the extent of such suppres- of Vb to DJb rearrangements in LckF505-WT thymocytes
(Anderson et al., 1992; Figure 4); thus, the probability ofsion differed for particular Vb genes (data not shown).
Taken together, these results are consistent with pre- LckF505-WT thymocytes that form two TCRb V(D)J re-
arrangements (a nonproductive followed by a produc-viously published observations that transgenic expres-
sion of TCRb or LckF505 in thymocytes blocked Vb to DJb tive rearrangement) would be substantially lower than
the probability of such cells that form a single productiverearrangements in the endogenous TCRb locus, while
having little effect on Db to Jb rearrangements (Uematsu rearrangement. In contrast, hybridomas derived from
RasV12-WT mice showed a distribution of TCRb re-et al., 1988; Anderson et al., 1992; Ardouin et al., 1998).
Surprisingly, however, we find the introduction of RasV12 arrangements similar to that in normal mice (57% versus
43%; Figure 5). Therefore, we conclude that, in contrastinto developing thymocytes had no detectable influence
on the WT rearrangement pattern of the TCRb locus. to LckF505, expression of activated Ras in developing
Signaling Pathways for TCRb Allelic Exclusion
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Figure 4. Arrest of Endogenous TCRb Re-
arrangements in TCRbTG-WT and LckF505-WT
but Not in RasV12-WT Thymocytes
(A) Schematic representation of the murine
TCRb locus. Variable (V), diversity (D), joining
(J), and constant region (C) segments are
shown. Arrows indicate primers, and hori-
zontal bars indicate probes used in this study.
The star marks a pseudogene (Jb2.6).
(B) PCR analysis of Vb to DJb2 and Db to Jb2
rearrangements in WT, RasV12-WT, LckF505-
WT, and TCRbTG-WT thymocytes. The indi-
cated amounts of thymocyte DNA and prim-
ers specific for Vb10 to DJb2 (upper panel)
or Db2 to Jb2 (middle panel) rearrangements
were used. Product specificity was confirmed
by hybridization with a Jb2.7 oligo probe. The
arrow in the middle panel indicates the Db2-
Jb2 region in germline configuration. The
bands marked by arrowheads represent re-
arrangements of Db2 to one of the Jb2 seg-
ments (Jb2.1 through Jb2.7, except for pseu-
dogene Jb2.6). Sequences from the Cm gene
were amplified as a loading control (lower
panel), as described in the Experimental
Procedures. A representative experiment is
shown (n 5 20).
(C) PCR analysis of the usage of Vb genes
in WT and RasV12-WT thymocytes. 100 ng of
thymocyte DNA per reaction was amplified
with primers detecting rearrangements be-
tween one of the Vb genes (1 through 20) and
DJb2. Product specificity was confirmed by
hybridization with the Jb2 probe. One of two
experiments is shown. Analysis of rearrange-
ments of the Vb genes to DJb1 segments
yielded similar results (data not shown).
thymocytes does not significantly perturb the occur- Lck that lead to differentiation and expansion of RAG-
2-deficient DN thymocytes are distinct from those thatrence of Vb to DJb rearrangements as compared to that
of wild-type thymocytes. lead to suppression of endogenous TCRb gene re-
arrangement in normal DN thymocytes.
Discussion
Ras-Dependent Events of the DN to DP CheckpointActivated Ras Generates a Subset of Signals
We have previously demonstrated that the RasV12 trans-Initiated by TCRb or Activated Lck
gene was able to drive proliferative expansion and differ-in DN Thymocytes
entiation of DN thymocytes to small, resting (G0), corticalSignals generated from the expression of TCRb chains
DP thymocytes (Swat et al., 1996). Other studies impli-and transduced via Lck in RAG-deficient DN thymo-
cated Ras and its downstream effectors in signalingcytes lead to the differentiation and expansion of DP
pathways downstream of the TCR in both immature andthymocytes (Shinkai et al., 1993; Mombaerts et al., 1994).
mature normal T cells (Izquierdo et al., 1993; Alberola-Likewise, signals generated from TCRb chains and
Ila et al., 1995; Swan et al., 1995; Crompton et al., 1996).transduced via Lck in DN normal thymocytes also lead
Most notably, overexpression of a dominant-negativeto downregulation of endogenous TCRb locus rear-
allele of MEK-1 completely abolished the developmentrangement and allelic exclusion (Uematsu et al., 1988;
of DP thymocytes in fetal thymic organ cultures (Cromp-Anderson et al., 1992). Our previous studies have dem-
ton et al., 1996). Recent studies have also implicatedonstrated that expression of RasV12 transgenes in a RAG-
pathways stimulated by activated Ras expression in sim-2-deficient background could also promote the differen-
ilar stages of B cell development, as a RasV12 trans-tiation and expansion events (Swat et al., 1996). To test
gene promoted the development of Igm heavy chainwhether signals generated by activated Ras (like those
(HC)-deficient B lineage cells beyond the pro-B cellfrom the TCRb chain or activated Lck) could also sup-
stage (Shaw et al., 1999a, 1999b). Together, these find-press endogenous TCRb gene rearrangement, we have
ings suggest that signals induced by activated Ras over-now assayed the effect of the RasV12 transgenes on the
lap with those generated by the preantigen receptordevelopment of normal thymocytes. Surprisingly, we
complexes in developing T and B lineage cells. There-have found no obvious effects of activated Ras expres-
fore, the use of Ras-dependent signaling pathways tosion on TCRb rearrangements in normal thymocyte de-
velopment, demonstrating that signals downstream of promote these early developmental differentiation and
Immunity
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Figure 5. Hybridoma Analysis of V-DJb1 and
D-Jb1 Rearrangements in WT and RasV12-WT
T Cells
A model for ordered rearrangement of TCRb
genes in developing T cells is shown. Given
a probability of 1/3 for any particular Vb to
DJb rearrangement to be productive (or ªin-
frameº), in one out of three cells the first re-
arranged TCRb allele is productive and ªex-
cludesº the other allele, which is rearranged
in the remaining 2/3 of cells. A failure to pro-
ductively rearrange either of the two alleles
precludes further development and leads to
cell death (4/9 of all cells). Thus, in the pool
of surviving cells (5/9 of all cells), 60% (3/9
out of 5/9) carry only a single Vb to DJb re-
arrangement, whereas the remaining 40%
(2/9 out of 5/9) carry one nonproductive and one productive Vb to DJb rearrangement. Panels of hybridoma clones were derived from fusions
of BW thymoma cells with Concanavalin A-stimulated WT, RasV12-WT, or LckF505-WT T lymphocytes. Percentages and total numbers (in
parentheses) of hybridoma clones carrying one (VDJ/DJ) or two (VDJ/VDJ) V to DJb rearrangements are shown. The rearrangement status of
the TCRb alleles was determined by Southern blotting analyses using the V-DJb1, the D-Jb1, and the Jb2 probes (Figure 4A), as described
in the Experimental Procedures.
expansion events appears conserved in both lymphoid endogenous rearrangements (Alt et al., 1984) as well as
studies of IgH transgene effects (Rusconi and Koehler,lineages.
In this report, we have shown that in DP RAG-2-defi- 1985; Weaver et al., 1985; Nussenzweig et al., 1987).
Subsequent studies of the effects of activated Lck ex-cient thymocytes, RasV12 or TCRb transgene expression
promotes transcriptional activation of the TCRa locus. pression on endogenous rearrangements (Anderson et
al., 1992) or of dominant-negative Lck (Anderson et al.,In normal development, such germline transcription of
Ja gene segments, which originates from the TEA pro- 1993; Levin et al., 1993) on TCRb transgene inhibition
of rearrangement further supported specific regulationmoter, is initiated in ab lineage thymocytes during the
DN to DP transition immediately prior to Va to Ja re- of the Vb to DJb step and indicated that Lck is a down-
stream effector of TCRb in the allelic exclusion process.arrangement (Shimizu et al., 1993; Wilson et al., 1996).
Therefore, our current findings are consistent with a Thus, the underlying premise of nearly all studies of
TCRb locus allelic exclusion has been that transgenicview that Ras functions as a downstream effector in the
signaling pathways used by the pre-TCR that lead to TCRb or LckF505 expression in DN cells blocks endoge-
nous TCR Vb to DJb gene rearrangement by the samethe onset of TCRa gene assembly in DP T cells. Of note,
in RAG-2-deficient B lineage cells, the RasV12 transgene mechanisms employed for allelic exclusion via the en-
dogenous pathway. This reasoning provided the basisinduced germline k light chain (LC) gene transcripts
(Shaw et al., 1999b), whereas in the Igm HC-deficient for our current experiments aimed at testing the effects
of activated Ras on this process.background, the same transgene also activated exten-
sive Ig LC gene rearrangements (Shaw et al., 1999a). Recent studies led to the suggestion that TCRb
transgene expression may artifactually suppress endog-Thus, the activity of RasV12 is sufficient to induce recom-
bination of Ig LC genes and, likely, TCRa genes, even enous TCRb rearrangements in some mutant back-
grounds (Aifantis et al., 1997), as TCRb transgenes inhib-though it lacks the capability to prematurely terminate
rearrangements of the TCRb locus. ited rearrangement of the endogenous TCRb locus even
in absence of Lck (Wallace et al., 1995) or pTa (Xu et al.,
1996; Krotkova et al., 1997). However, TCRb transgenesTCRb and Lck Transgenes in Studies
of Allelic Exclusion also failed to restore normal DP cell numbers in Lck2/2
and pTa2/2 mice. Therefore, suppression of endogenousWe have assayed ability of activated Ras to inhibit en-
dogenous TCRb rearrangements as a measure of its TCRb rearrangements in the DP cells that did develop
in these mutant mice might reflect activation of down-potential to effect allelic exclusion. In this regard, the
notion of allelic exclusion at the TCRb locus was most stream pathways not ordinarily engaged by the endoge-
nous TCRb complex. We also considered the possibilitystrongly based on early studies that showed TCRb
transgene expression in normal thymocytes led to sup- that premature transgene-generated signals might ac-
celerate development of normal cells through stagespression of endogenous locus rearrangements (Uematsu
et al., 1988; Krimpenfort et al., 1989). Because TCRb at which the endogenous TCRb genes are assembled,
leading to an artifactual block in rearrangement (Uematsutransgene expression arrested rearrangements of the
Vb to DJb segments and led to accumulation of incom- et al., 1988). However, activated Ras expression effected
differentiation and expansion of DN thymocytes in RAG-pletely rearranged (DJb) TCR alleles, it further was con-
cluded that TCRb allelic exclusion resulted from regula- 2-deficient mice in a manner similar to that observed
for TCRb or activated Lck expression, despite failing totion of the Vb to DJb step (Uematsu et al., 1988). This
notion was in accord with earlier studies that concluded inhibit endogenous Vb to DJb rearrangements in normal
thymocytes. Whatever the case, activated Ras trans-Ig HC locus allelic exclusion was regulated at the VH
to DJH step; the latter were based both on studies of genes clearly lack the ability of Lck or TCRb transgenes
Signaling Pathways for TCRb Allelic Exclusion
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to effect the regulatory pathway that suppresses Vb to
DJb rearrangement during normal thymocyte devel-
opment.
Models for the Differential Effects of Activated
Ras with Respect to Thymocyte Development
and Expansion versus TCRb Allelic Exclusion
Several types of models have been invoked to explain
how the accessibility of the TCRb locus is regulated
via TCRb signaling. One general model for TCRb allelic
exclusion is that expression of the pre-TCR complex in
Figure 6. A Model for Ras-Dependent and Ras-Independent Signal-DN thymocytes initiates negative feedback signals that
ing Downstream of TCR and Lck
directly suppress accessibility of TCRb genes at that
At the DN to DP transition in thymocyte development, Ras can
stage. In the context of this model, a common TCRb/ only mediate pre-TCR/Lck-induced signals for differentiation and
Lck-generated signal would influence the processes of proliferative expansion, while the termination of rearrangements of
differentiation, expansion, and allelic exclusion at the the TCRb genes requires additional pathway(s), which are indepen-
dent from, or complementary to, Ras signaling.DN stage (Malissen et al., 1992). A second model sug-
gests that TCRb locus allelic exclusion might be effected
indirectly via ability of pre-TCR/Lck signaling to promote
expansion and development (Lin and Desiderio, 1995). development and TCRb allelic exclusion (Figure 6). In
An appealing variation of this model suggested that this model, suppression of TCRb gene rearrangements
TCRb expression drives cells into rapid cycling accom- would require activity of additional and/or complemen-
panied by downregulation of RAG activity with allelic tary pathways: one pathway, dependent on Ras, would
exclusion being effected by lack of further rearrange- induce cell proliferation and differentiation, while a sec-
ond, Ras-independent pathway, would be required toments during the expansion stage and a developmen-
render the TCRb locus inaccessible to further VDJ re-tally programmed change in accessibility once cells be-
combination.come quiescent and reactivate RAG at the DP stage
(Dudley et al., 1994; Hoffman et al., 1996). However, the
RasV12 transgene drives expansion of DP cells in RAG- Experimental Procedures
deficient mice (Swat et al., 1996) but does not appear
to influence rearrangements of the TCRb genes in WT Generation of Chimeric Mice and RAG-2-Deficient
Blastocyst Complementationthymocytes (Figures 4 and 5). Assuming the transgene
To generate chimera mice with T lineage directed expression ofpathways represent normal allelic exclusion pathways,
activated Ras or activated Lck transgenes, RAG-22/2 blastocyststhese findings suggest that developmental progression
were injected with WT (TC1; Deng et al., 1996), RAG-12/2 (5A137D4;
and expansion versus TCRb allelic exclusion require Swat et al., 1996), or RAG-22/2 (R2B6; derived directly from cultured
different signals. RAG-22/2 blastocysts; R. M., L. D., and F. W. A., unpublished data)
ES cells that had been transfected with RasV12 (Swat et al., 1996) orThus, it appears likely that the induction of certain
LckF505 (pLGF; Abraham et al., 1991) expression vectors driven byevents associated with the DN/DP transition is regulated
the lck proximal promoter (Chaffin et al., 1990) along with the PGK-by distinct downstream signaling pathways or, alterna-
puro-poly(A) or the PGK-neo-poly(A) vectors. For each type of trans-
tively, dependent on different signaling intensities in the fection, several independent ES cell clones (six for RasV12-WT, five
context of a common pathway (activation thresholds). for RasV12-RAG-12/2, two for RasV12-RAG-22/2, and three for LckF505-
WT) were tested by the RAG-2-deficient blastocyst complementa-Variations of both models have recently been proposed
tion assay (Chen et al., 1993) and gave comparable results. Chimerato explain the finding that attenuation of transgenic
mice derived from RasV12-RAG-12/2 or RasV12-RAG-22/2 ES cellsLckF505 signals by a Rho inhibitor diminished the ability
showed a similar phenotype and are not further distinguished in the
of LckF505 to drive thymocyte expansion but not its ability text. The generation of the mouse line transgenic for a functional
to suppress surface TCRb expression (assumed to rep- TCRb (TCRbTG-WT) has been described (Shinkai et al., 1993). RasV12-
resent allelic exclusion) (Henning and Cantrell, 1998). In WT and LckF505-WT RAG-2-chimera mice were tested for contribu-
tions from ES cells by Southern blotting and by flow cytometrythe context of the latter model, the signaling threshold(s)
analyses of peripheral blood lymphocytes, as previously describedfor TCRb allelic exclusion was proposed to be lower
(Chen et al., 1993). Mice were subsequently analyzed at the agethan that required for expansion and differentiation. In
between 4 and 8 weeks.
contrast, we find that activated RasV12 signaling drives
expansion and differentiation of RAG-deficient DN cells
Antibodies and Flow Cytometrybut does not lead to suppression of TCRb gene re-
Cells were prepared and stained according to standard procedures
arrangement in normal DP cells. Thus, if rationalized in using the following antibody conjugates: FITC anti-mouse CD8a
the context of a threshold model, these findings would (Ly-2) (53-6.7), FITC anti-mouse abTCR (H57-597), FITC anti-mouse
CD25 (IL-2 receptor a chain, p55) (7D4), FITC anti-mouse IgG1require higher, rather than lower, activation threshold(s)
(G1-6.5), PE anti-mouse CD4 (L3T4) (RM4-5), PE anti-mouse CD44for Ras-activated pathways with respect to TCRb allelic
(Pgp-1, Ly-24) (IM7), Cy-Chrome anti-mouse CD8a (Ly-2) (53-6.7),exclusion than for expansion and differentiation. There-
Biotin anti-mouse CD4 (L3T4), Biotin anti-mouse CD8a (Ly-2) (53-
fore, our data, in combination with the Rho studies (Hen- 6.7), Biotin anti-mouse CD45R/B220 (RA3-6B2), Biotin anti-mouse
ning and Cantrell, 1998), most strongly supports a Ly-6G (Gr-1) (RB6-8C5), Biotin anti-mouse CD11b/Mac-1 (M1/70),
and Streptavidin Cy-Chrome (all obtained from Pharmingen). Databranching model for the regulation of DP thymocyte
Immunity
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Table 1. Oligonucleotides Used in This Study
Designation Sequence (59→39) Reference
Vb-59-Primer
TCRB-V1-S AAATGAGACGGTGCCCAGTCGTT
TCRB-V2-S TCCTGGGGACAAAGAGGTCAAATC
TCRB-V3-S GAAAAACGATTCTCTGCTGAGTGTCC
TCRB-V4-S AGCTATCAAAAACTTATGGACAATCAG
TCRB-V5-S CAGCAGATTCTCAGTCCAACAGTTT
TCRB-V6-S AAGGCGATCTATCTGAAGGCTATGA
TCRB-V7-S AGCTGATTTATATCTCATACGATGTTG
TCRB-V8-S TATATGTACTGGTATCGGCAGGACA
TCRB-V9-S TTCCAATCCAGTCGGCCTAACAAT
TCRB-V10-S GCGCTTCTCACCTCAGTCTTCAG
TCRB-V11-S TTCTCAGCTCAGATGCCCAATCAG
TCRB-V12-S AGCTGAGATGCTAAATTCATCCTTC
TCRB-V13-S CTGCTGTGAGGCCTAAAGGAACTAA
TCRB-V14-S AGAGTCGGTGGTGCAACTGAACCT Aifantis et al., 1997
TCRB-V15-S CCCATCAGTCATCCCAACTTATCC Aifantis et al., 1997
TCRB-V16-S GATTTTAGGACAGCAGATGGAGTTTC
TCRB-V17-S TCGAAATGAAGAAATTATGGAACAAAC
TCRB-V18-S CCGGCCAAACCTAACATTCTCAAC
TCRB-V19-S CTACAAGAAACCGGGAGAAGAACTC
TCRB-V20-S CTGGTATCAACAAAAGCAGAGCAAA
Db-59-Primer
TCRB-D1U-S GAGGAGCAGCTTATCTGGTGGTTT
TCRB-D2U-S GTAGGCACCTGTGGGGAAGAAACT Aifantis et al., 1997
Jb-39-Primer
TCRB-J1D-A CACAACCCCTCCAGTCAGAAATG
TCRB-J2D-A TGAGAGCTGTCTCCTACTATCGATT Aifantis et al., 1997
Miscellaneous
IGM-S CACTAGCCACACCCTTAGCAC Krotkova et al., 1997
IGM-A TGGCCATGGGCTGCCTAGCCCGGGACTT Krotkova et al., 1997
RAS-EX3-S CAAACGGGTGAAGGACTCGGATGA
HGH-EX2-A TAAGGGAATGGTTGGGAAGGCACT
CD4-EX4-S GCCTTCGCAGTTTGATCGTTTTGA
CD4-EX6-A AGAGTCAGAGTCAGGTTGCCAGAAC
D-Jb1-S GTCTGTCCCAAGGCCCAC
D-Jb1-A GGGGTGAAGAGAGGCTC
IGM CCTGCCCAGCACCATTTCCTTC Krotkova et al., 1997
Jb2.7 TATGAACAGTACTTCGGTCCC Krotkova et al., 1997
acquisition and analysis was performed on a FACSCalibur flow cyto- Northern Blotting Detection of the TCRa Germline Transcripts
meter equipped with CellQuest software (Becton Dickinson). Cell Northern blotting was carried out as described (Yancopoulos et al.,
sorting was performed with use of a MoFlo sorter (Cytomation). 1986). Total thymocyte RNA was prepared using the TRIzol method
Subsets of DN thymocytes were sorted based on expression of according to the protocol provided by the manufacturer (GIBCO-
CD44 and CD25, after gating out all cells staining with a cocktail of BRL). The T early a (TEA) probe, a genomic fragment containing the
biotinylated antibodies to CD4, CD8, B220, Mac-1, and Gr-1 followed first TEA exon (Shimizu et al., 1993), and a cDNA probe to GAPDH
by Streptavidin Cy-Chrome. Intracellular staining of the H-Ras pro- were used.
tein was done essentially as described (Schmid et al., 1991). Cells
were first fixed, permeabilized, and stained with the H-Ras-specific
PCR Analysis of TCRb Rearrangements
antibody c-H-ras/Ab-1 (Oncogene) followed by FITC-labeled anti-
Db to Jb and Vb to DJb rearrangements were analyzed in genomicmouse IgG1 secondary antibody. Subsequently, the cells were DNA by a PCR assay essentially as described (van Meerwijk et al.,stained with PE-CD4 and Cy-Chrome-CD8a.
1990) and modified to detect recombination products involving all
functional TCRb gene segments. The upstream primers were lo-Western Blotting Detection of H-Ras Protein
cated within each of the Vb segments 1 through 20 (Vn-S) or immedi-Thymocyte lysates were prepared and analyzed essentially as de-
ately 59 of Db1 (D1U-S) and Db2 (D2U-S), whereas the downstreamscribed (Swat et al., 1996) using the H-Ras-specific antibody c-H-ras/
primers were positioned 39 of Jb1.6 (J1D-A) and Jb2.7 (J2D-A) (seeAb-1 (Oncogene) and horseradish peroxidase-conjugated anti-mouse
Figure 4A). A fragment of the IgM constant region was amplified asIg from goat (Boehringer Mannheim). The reaction was visualized
a loading control (primers IGM-S and IGM-A). The primer sequenceswith ECL (Amersham).
are listed in Table 1.
Genomic thymocyte DNA was prepared as described (Laird et al.,RT-PCR Detection of H-Ras Transcripts
1991). PCR reactions (25 ml) contained 100 ng (or less, as indicated)RNA was isolated from total or sorted thymocytes using TRIzol LS
genomic DNA template, 3 pmol of each primer, 0.2 mM of eachReagent (GIBCO-BRL). Reverse transcription was performed with
dNTP (dATP, dTTP, dCTP, and dGTP), 2 mM MgCl2 (including 1.5SUPERSCRIPT II reverse transcriptase according to the protocol
mM in the supplied PCR-buffer), and 1 U Taq DNA polymerase in 13supplied by the manufacturer (GIBCO-BRL). An amount of cDNA
PCR-buffer provided by the manufacturer (QIAGEN). The reactionsequivalent to 500 or 50 cells was amplified using the PCR protocol
were run on a PTC-200 DNA-Engine (MJ Research) as follows: 3described in ªPCR Analysis of TCRb Rearrangements,º with intron
min at 948C; 28±32 cycles (adjusted to be in the kinetically linearspanning primers specific for transcripts from the RasV12 expression
range of the reaction) of 45 s at 948C, 90 s at 658C and 150 s atcassette (RAS-EX3-S, HGH-EX2-A) or for endogenous CD4 (CD4-
EX4-S, CD4-EX6-A). For primer sequences, see Table 1. 728C; and, finally, 10 min at 728C. The amplification products were
Signaling Pathways for TCRb Allelic Exclusion
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separated on agarose gels, transferred to nylon membranes (Zeta- and Perlmutter, R.M. (1990). Dissection of thymocyte signaling path-
ways by in vivo expression of pertussis toxin ADP-ribosyltransfer-Probe, BioRad), and hybridized with specific 32P-labeled probes
ase. EMBO J. 9, 3821±3829.(Jb2.7 and IGM oligonucleotide probes, see Table 1; Jb2 probe, see
below and Figure 4A). The membranes were analyzed using a Storm Chen, J., Lansford, R., Stewart, V., Young, F., and Alt, F.W. (1993).
860 Phosphorimager and ImageQuant software (Molecular Dy- RAG-2-deficient blastocyst complementation: an assay of gene
namics). function in lymphocyte development. Proc. Natl. Acad. Sci. USA 90,
4528±4532.
Cheng, A.M., and Chan, A.C. (1997). Protein tyrosine kinases inHybridoma Analysis
thymocyte development. Curr. Opin. Immunol. 9, 528±533.Hybridoma clones were produced by fusion of Concanavalin A±stim-
ulated splenic T cells with the thymoma cell line BW-1100.129.237 Clements, J.L., Yang, B., Ross-Barta, S.E., Eliason, S.L., Hrstka,
deficient in TCRa and TCRb proteins (White et al., 1989), as de- R.F., Williamson, R.A., and Koretzky, G.A. (1998). Requirement for
scribed previously (Sleckman et al., 1997). DNA samples were di- the leukocyte-specific adapter protein SLP-76 for normal T cell de-
gested with HindIII and subjected to Southern blotting analysis (Yan- velopment. Science 281, 416±419.
copoulos et al., 1986) by repeated hybridization of the same Crompton T., Gilmour, K.C., and Owen, M.J. (1996). The MAP kinase
membranes with the following probes (see Figure 4A): the V-DJb1 pathway controls differentiation from double-negative to double-
probe (a 747 bp AflII/HaeII fragment located immediately upstream positive thymocyte. Cell 86, 243±251.
of Db1), the D-Jb1 probe (a 571 bp PCR fragment amplified with de Chasseval, R., and de Villartay, J.P. (1993). Functional character-
D-Jb1-S and D-Jb1-A primers located between Db1 and Jb1.1; see ization of the promoter for the human germ-line T cell receptor Ja
Table 1), and the Jb2 probe (a 1.6 kb KpnI/BamHI fragment located (TEA) transcript. Eur. J. Immunol. 23, 1294±1298.
39 of Jb2.2). Hybridization with the V-DJb1 probe indicated the pres-
Deng, C., Wynshaw-Boris, A., Zhou, F., Kuo, A., and Leder, P. (1996).ence of a DJb allele, which did not undergo a Vb to DJb re-
Fibroblast growth factor receptor 3 is a negative regulator of bonearrangement. Samples hybridizing with the D-Jb1 probe (typically
growth. Cell 84, 911±921.
,5% of total, which likely represent a product of fusion of BW cells
Dudley, E.C., Petrie, H.T., Shah, L.M., Owen, M.J., and Hayday, A.C.with non-T cells) and samples with evidence of more that two bands
(1994). T cell receptor b chain rearrangement and selection duringhybridizing with the Jb2 probe, in addition to a single band present
thymocyte development in adult mice. Immunity 1, 83±93.in BW cells (which likely represent nonclonal populations), were
Fehling, H.J., and von Boehmer, H. (1997). Early ab T cell develop-excluded from further analysis.
ment in the thymus of normal and genetically altered mice. Curr.
Opin. Immunol. 9, 263±275.
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